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Cells activated for wound repair have 
the potential to direct collective invasion 
of an epithelium

ABSTRACT Mechanisms regulating how groups of cells are signaled to move collectively 
from their original site and invade surrounding matrix are poorly understood. Here we de-
velop a clinically relevant ex vivo injury invasion model to determine whether cells involved 
in directing wound healing have invasive function and whether they can act as leader cells to 
direct movement of a wounded epithelium through a three-dimensional (3D) extracellular 
matrix (ECM) environment. Similar to cancer invasion, we found that the injured cells invade 
into the ECM as cords, involving heterotypical cell–cell interactions. Mesenchymal cells with 
properties of activated repair cells that typically locate to a wound edge are present in 
leader positions at the front of ZO-1–rich invading cords of cells, where they extend vimentin 
intermediate filament–enriched protrusions into the 3D ECM. Injury-induced invasion de-
pends on both vimentin cytoskeletal function and MMP-2/9 matrix remodeling, because in-
hibiting either of these suppressed invasion. Potential push and pull forces at the tips of the 
invading cords were revealed by time-lapse imaging, which showed cells actively extending 
and retracting protrusions into the ECM. This 3D injury invasion model can be used to inves-
tigate mechanisms of leader cell–directed invasion and understand how mechanisms of 
wound healing are hijacked to cause disease.

INTRODUCTION
Invasiveness is a property typically associated with, but not exclusive 
to, cells that have acquired a cancer phenotype. The mechanisms 
regulating how groups of epithelial cells—normal or abnormal—are 
signaled to move collectively from their original site and invade a 
surrounding matrix environment are not completely understood. 
One important area for discovery concerns the origin and function 
of the cell types that direct such “collective invasion.” Particularly 
relevant to this question are the many features shared between the 
processes of wound repair and cancer. The adage that tumors are 

“wounds that do not heal” (Dvorak, 1986; Kalluri and Zeisberg, 
2006; Schafer and Werner, 2008) suggests that tumor progression 
hijacks mechanisms inherent to the wound-healing process. Both 
processes depend on similar soluble factors, including transforming 
growth factor β (Kalluri and Zeisberg, 2006; Rybinski et al., 2014) 
and changes to their extracellular matrix environment (Rybinski 
et al., 2014). In addition, there is strong correlation between genes 
that regulate wound healing and those central to cancer progres-
sion (Pedersen et al., 2003; Chang et al., 2004, 2005; Riss et al., 
2006). For example, 77% of genes induced for renal regeneration 
and repair are also up-regulated in renal cell carcinoma (Riss et al., 
2006). The gene expression profile of the cells located near the 
wound edge in skin wound healing is similar to that of squamous 
cell carcinoma cells (Pedersen et al., 2003), and the “wound-re-
sponse gene signature” of serum-activated fibroblasts in wound 
repair is also a strong clinical predictor of some of the deadliest 
forms of cancer (Chang et al., 2004, 2005). Not surprisingly, then, 
the cell types that associate with an injured epithelium to modulate 
the repair process, such as macrophages and myofibroblasts, and 
those cells linked to fibrotic outcomes of wounding are also found 
in the tumor-associated stroma (Ronnov-Jessen et al., 1996; 
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have invasive potential, we followed their behavior in the invasion 
assay using both a standard phase microscopy approach in which 
images were acquired daily (Figure 1, B and C) and time-lapse 
microscopy analysis (Figure 1, D and E; time lapse in Supplemen-
tal Video S1). As early as day 1 after wounding and being placed 
directly in the invasion assay, cells from the wounded cultures in-
vaded into the Matrigel collectively as cords or strands of linked 
cells (Figure 1, B, arrow, and C, arrowhead; two separate regions 
shown at low power and high magnification, respectively). The ap-
pearance of the invaded cells was very similar to that previously 
reported for cords of tumor cells invading through a surrounding 
matrix (Friedl and Wolf, 2003; Friedl et al., 2012; Clark and 
Vignjevic, 2015). With time, these invading cords of cells inter-
sected with one another, eventually forming an anastomosed net-
work within the Matrigel matrix (Figure 1, B and C). These invad-
ing cords were located throughout the 3D matrix, moving mostly 
through the area of this Matrigel matrix overlaying the lens cap-
sule zone denuded of cells during the mock cataract surgery. 
Time-lapse imaging revealed the dynamic nature of the cells in-
vading into Matrigel. As they invaded, the cells extended and re-
tracted narrow protrusions into the 3D matrix environment (Sup-
plemental Video S1 and Figure 1D). At the leading edge of the 
invading cords, the cells extended podosome-like processes 
(Supplemental Video S1 and Figure 1E) typical of invading cell 
types (Linder and Aepfelbacher, 2003). The cells from the wounded 
explant moved directly into the 3D ECM, traversing it as multicel-
lular cords, and no cells were observed migrating across the de-
nuded endogenous basement membrane of the lens as is typical 
of normal wound repair. As a result, in the 3D Matrigel environ-
ment, the wound left by the mock cataract surgery does not heal.

When grown in culture as 2D ex vivo explants after mock cata-
ract surgery (as modeled in Figure 1A, left, top), the same cells 
heal the wounded area of the basement membrane quickly, with 
wound closure occurring within 3 d of the injury (Figure 2A; 
Menko et al., 2014). Time-lapse imaging of 2D ex vivo wound-
repair explants shows that the wounded lens epithelial cells 
moved collectively across the cell-denuded area of the endoge-
nous lens basement membrane, with a leader-cell population at 
the wound edge (Figure 2B; time lapse in Supplemental Video 
S2). The leader cells in the 2D wound-repair cultures extended 
and retracted processes along the endogenous basement mem-
brane of the wounded lens explant in the direction of movement 
(Figure 2B and Supplemental Video S2), similar to the behavior of 
leader cells invading through the 3D matrix environment (Figure 
1, D and E, and Supplemental Video S1). Although these proper-
ties of the leader cells are shared in the wound-repair and wound-
invasion models, the behavior of the epithelial follower cells is 
distinct. In the 2D environment, the epithelial cells move across 
the basement membrane as a sheet. The epithelial cells maintain 
cell–cell contacts, their lateral organization as an intact epithelial 
monolayer, and their association with the basement membrane 
capsule of the lens (Figure 2, A and B). In contrast, as these epi-
thelial cells follow the leader cells into and through the 3D Matri-
gel matrix, they reorganize into cords of cells, and although they 
remain linked to one another, they lose their adhesion to their 
endogenous basement membrane (Figure 1, B and C). These re-
sults show that although the normal wound-healing response of 
an injured epithelium is regeneration of the tissue structure, when 
the cells that typically lead the wound-repair process encounter 
an altered matrix microenvironment, they have significant inva-
sive potential that influences the migratory behavior of their as-
sociated epithelium.

Balkwill and Mantovani, 2001; Crowther et al., 2001; Coussens and 
Werb, 2002; Leek and Harris, 2002; Kalluri and Zeisberg, 2006; 
Orimo and Weinberg, 2006; Schafer and Werner, 2008; Shimoda 
et al., 2010). The similarities of the molecules/genes/cells involved 
in wound repair to those associated with the progression of meta-
static cancers highlight the importance of studying whether cells 
that are activated upon wounding to direct the repair process have 
inherent invasive potential and the ability to direct a wounded epi-
thelium to move through a matrix environment.

We addressed this question in studies of a clinically relevant 
wound model in which a mock cataract surgery is performed ex 
vivo and the resulting explant surrounded by Matrigel, thereby 
exposing the wounded tissue to a three-dimensional (3D) extra-
cellular matrix environment typically used for cell invasion assays. 
Previously we showed that a subpopulation of vimentin-rich mes-
enchymal cells is activated in response to injury of the lens epithe-
lium after mock cataract surgery. In that two-dimensional (2D) 
wound model, the activated mesenchymal cells migrate immedi-
ately to the wound edge, where they direct the collective migra-
tion of the injured epithelium across the cell-denuded endoge-
nous basement membrane to close the wound (Walker et al., 
2010; Menko et al., 2014). We showed that the function of the 
mesenchymal leader cells in the wound-repair process is depen-
dent on the intermediate filament protein vimentin (Menko et al., 
2014). Also relevant to the present study, when these mesenchy-
mal repair cells encounter a rigid microenvironment, they have a 
high potential to differentiate into myofibroblasts (Walker et al., 
2010). Mesenchymal cell–directed collective movement of the in-
jured lens epithelium is highly reminiscent of the heterotypical 
stromal–epithelial cancer cell interactions that mediate collective 
invasion of tumor cells (Condeelis and Pollard, 2006; Gaggioli 
et al., 2007; DeNardo et al., 2009). Often, epithelial cancers break 
off from the primary tumor as strands or cords of cells, maintaining 
interactions with one another as they collectively invade, directed 
by leader cells (Khalil and Friedl, 2010; Friedl et al., 2012; Clark 
and Vignjevic, 2015). The wound-repair process directed by the 
vimentin-rich cells of the lens provides an ideal reductionist model 
in which to investigate the role of mesenchymal cells in directing 
the collective invasion of epithelial cells through a 3D matrix. In 
our studies with this invasion-injury model, we found that many of 
the properties that give the mesenchymal cells of the lens the abil-
ity to direct wound repair also give them invasive potential. We 
anticipate that this ex vivo injury-invasion culture system will be a 
valuable model in which to investigate mechanisms by which 
leader cells direct invasion in multiple systems and be a pivotal 
step toward understanding how this process becomes hijacked to 
promote disease.

RESULTS
Injury-activated cells collectively invade 3D matrices
To study the invasive potential of cells activated in response to 
injury, we developed a 3D invasion assay in which ex vivo–
wounded mock cataract surgery explants were placed cell side up 
on Matrigel-coated Transwells and then overlayed with a 3D 
Matrigel matrix. This approach created an environment in which 
the entire wounded explant was in direct contact with Matrigel 
(Figure 1A, model). Serum-containing medium was placed in the 
upper chamber on top of the Matrigel, and the bottom chamber 
was filled with serum-free medium (SFM), creating a modified che-
moinvasion assay. This model for studying invasion was devel-
oped to mimic an in vivo matrix microenvironment. To follow 
whether cells activated upon wounding of the lens epithelium 
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FIGURE 1: Cells invade collectively as cords in 3D invasion assays in response to injury. (A) Model depicting the ex vivo 
injury explant 3D invasion assay. Diagrams are shown of the ex vivo explants after cataract surgery (injury) as both top 
and side views. The lens epithelial cells remaining associated with the lens basement membrane (BM) after injury that 
results from removal of the lens fiber cell mass are shaded in yellow. For the 3D invasion assays, these ex vivo injury 
explants were placed cell side up on top of Matrigel-coated Transwell filters and overlayed with Matrigel. The top 
chamber is filled with serum-containing medium and the lower chamber with SFM. (B, C) Phase contrast images 
documenting invasion of cells from the ex vivo–injured culture explants from days 1–6. By day 1, cells began to invade as 
cords of cells into the Matrigel matrix above the explant (B, low magnification, arrow; C, high magnification, arrowhead). 
Cells continued to invade into Matrigel as cords and intersected to form an anastomizing cell network (C; day 3, 
arrowhead). Bars, 500 μm (B), 100 μm (C). (D) Still images from time-lapse microscopy revealed cells at the tip of the 
invading cord dynamically extending (arrowhead) and retracting (arrow) within the 3D matrix. Bar, 10 μM. (E) Still image 
at high magnification from time-lapse microscopy (Supplemental Video S1), showing podosome-like processes formed at 
tips of cells leading the invading cords (arrowheads). Bar, 10 μM. In D and E, time is presented as hours:minutes:seconds.
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the leader cells in the 3D Matrigel wound-invasion model we now 
study behave similarly to the mesenchymal cells at the leading edge 
of the 2D mock cataract surgery wound-repair model, we examined 
whether the vimentin-rich repair cells in the 2D wound-healing 
model express molecules that could endow them with invasive 
properties. The molecules associated with invasion competence we 
investigated included the hyaluronic cell adhesion receptor CD44, 
known to be critical to both the migratory and invasive behavior of 
many cell types (Lopez et al., 2005; Misra et al., 2015; Thomas et al., 
1992), and the matrix metalloproteinases (MMPs) MMP-9 (gelatin-
ase B) and MMP-2 (gelatinase A), which enable cell invasion by de-
grading the extracellular matrix (Pulkoski-Gross, 2015). Western blot 
analysis for these molecules was performed on the cells in the active 
zone of migration (CMZ) of the ex vivo wound repair explants and 
those in the OAZ after their separation by microdissection. These 
studies were performed from 1 to 3 d after injury, with day 3 the time 
when wound healing was completed. The results showed that 
CD44, MMP-9, and MMP-2 were predominately expressed in the 
CMZ (Figure 3, B–D), with a prevalence in this zone of the active 

Mesenchymal cells that direct lens wound repair have 
functional properties consistent with their ability to invade 
through a matrix microenvironment when activated in 
response to injury
In the 2D wound-repair model, the mesenchymal cell subpopulation 
directs the collective movement of the wounded lens epithelium 
from their original attachment zone (OAZ) along the equatorial as-
pects of the lens basement membrane capsule across the central 
migration zone (CMZ) to heal the wound. The CMZ is the area on 
the posterior lens capsule denuded of cells when the lens fiber cell 
mass is removed during the microsurgical procedure (modeled in 
Figure 3A). Our previous investigations of this 2D ex vivo mock cata-
ract surgery wound model showed that a mesenchymal subpopula-
tion of the lens is activated immediately upon injury to migrate to 
the wound edge of the injured epithelium and that this leader-cell 
population is rich in the intermediate filament protein vimentin. We 
discovered that vimentin function is essential to the ability of these 
mesenchymal cells to direct the collective movement of the injured 
lens epithelium to repair the wound (Menko et al., 2014). Given that 

FIGURE 2: Cells migrate collectively as a sheet in response to injury in 2D ex vivo wound-repair explants. (A) Phase 
contrast images documenting wound healing in the ex vivo wound-repair explants from days 0–3. In response to injury, 
in the 2D model, cells move together as a collective sheet onto the denuded basement membrane to close the wound 
(arrow). By day 3, wound healing is typically completed. Bar, 500 μm. (B) Still images from time-lapse microscopy 
(Supplemental Video S2), demonstrating the collective movement of cells as they respond to injury to heal the wound. 
At the wound edge, leader cells extend and retract protrusions (arrowhead, arrow) along the basement membrane in a 
dynamic manner as wound healing proceeds. Epithelial cells behind the leading edge maintain cell–cell contact with one 
another, as well as their association with the endogenous lens basement membrane capsule, as they collectively heal the 
wound. Bar, 20 μm. In B, time is presented as hours:minutes:seconds.
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We examined whether properties associated with the function 
of the vimentin+ mesenchymal cells in directing repair of the lens 
epithelium in two dimensions impart to these same cells their po-
tential to invade in three dimensions and lead the collective inva-
sion of their associated epithelium. For these studies, the wounded 
mock cataract surgery lens explants were plated cell side down in 
the Matrigel-Transwell invasion assay. Immunolocalization studies 
were performed to determine whether, like the mesenchymal cells 
at the leading edge of the wounded epithelium, the cells that had 
invaded through the Matrigel-coated Transwell to reach the under-
side of the Transwell filter coexpress vimentin and CD44. Image 
analysis demonstrated that invaded cells were vimentin+/CD44+, 
identifying them as activated repair cells (Figure 5, A–C). In the 2D 
mock cataract surgery cultures, the mesenchymal subpopulation 
activated to mediate the repair process highly express vimentin, 
whereas filamentous (F)-actin labels both the mesenchymal leader 
cells and the follower cells of the lens epithelium (Menko et al., 
2014; Walker et al., 2010). To examine whether the ability to mi-
grate to the filter bottom in the Matrigel-Transwell assay was a spe-
cific property of the vimentin+ repair cell population, the invaded 
cells were labeled for both vimentin and F-actin at day 2 of the as-
say. Quantification of 30 invaded colonies from eight wounded ex-
plants for the percentage of F-actin+ cells expressing vimentin 
showed that 100% of the total invaded cells (F-actin+) were mesen-
chymal leader cells (vimentin+). A defining characteristic of invading 
cells is the presence of invadopodia and podosomes, cellular struc-
tures collectively referred to as invadosomes (Linder, 2009). These 
actin-rich structures enable invading cells to both degrade and ad-
here to an extracellular matrix environment, making it possible for 
them to migrate through the ECM (Linder, 2007; Linder et al., 2011; 
Saltel et al., 2011; Destaing et al., 2014). To further support our 
discovery that the vimentin-rich repair cells have invasive proper-
ties, we immunolabeled the cells that had invaded to the bottom of 
the Matrigel-Transwell filter for key signature molecules of inva-
dosomes, including the scaffold protein Tks5 (Courtneidge et al., 
2005; Blouw et al., 2008; Di Martino et al., 2014), the actin-cytoskel-
etal regulator cortactin (Bowden et al., 1999; Artym et al., 2006, 
2008; Clark et al., 2007), and matrix metalloproteinases. Image 
analysis showed that the invaded cells were rich in the invadopodia 
molecules cortactin, Tks5, MMP-2, and MMP-9 (Figure 5, D–L). Co-
immunolabeling for cortactin with Tks5, MMP-2 with MMP-9, and 
cortactin with MMP-9 showed many regions of the invaded cells in 
which these molecules that impart invasion competence were 
codistributed.

Coimmunostaining for vimentin and F-actin was also performed 
without scraping the cells from the top of the filter membrane in 
order to be able to visualize cells in the process of invading through 
the Matrigel-coated Transwell membrane in the Transwell invasion 
assay. Consecutive optical sections were collected from the top of 
the inverted ex vivo explant that is sitting on the Matrigel-coated 
Transwell filter (which corresponds to the bottom of the lens cap-
sule) through to the bottom of the Transwell filter by confocal imag-
ing. In Figure 5M, a single optical plane is shown of a vimentin-rich 
mesenchymal cell that has invaded through to the bottom of the 
filter. Imaris image analysis software was used to create a 3D view of 
the same cell on the filter from the collected confocal z-stack, which 
showed the invaded vimentin-rich repair cell identified in Figure 5M 
moving through a Transwell filter pore to the underside of the filter 
(Figure 5N). These results demonstrate that the mesenchymal cells 
activated upon injury to regulate the wound-repair process have ac-
quired properties that classify them as invasive in a classical invasion 
assay.

enzymatic forms of both MMP-2 and MMP-9 (Figure 3, C and D, 
bottom arrows). Expression of CD44, MMP-9, and MMP-2 was high-
est at D1 after wounding and decreased significantly as wound heal-
ing was completed (Figure 3, B–D).

Immunofluorescence analysis was performed on the 2D 
wounded lens explants at day 1 postinjury to determine whether 
induction of CD44, MMP-9, and/or MMP-2 in the CMZ observed 
in the biochemical analysis reflected the specific expression of 
these molecules by the vimentin-rich mesenchymal repair cells 
that had located to the wound edge. For these studies, the 
wounded explants were immunolabeled for vimentin and cola-
beled for CD44 (Figure 3, E–G), MMP-9 (Figure 3, H–J), or MMP-2 
(Figure 3, K–M). CD44 was localized to the cell borders of the vi-
mentin-rich leader cells at the wound edge and was also concen-
trated at the tips of protrusions extended by these cells along the 
denuded basement membrane (Figure 3, E–G, arrow). The vimen-
tin+ cells at the wound edge also expressed MMP-2 and MMP-9, 
the latter of which had a distinctive punctate staining pattern that 
extended into the cellular processes. This pattern of localization 
included MMP-9–rich puncta along the protrusions elaborated by 
the vimentin-rich leader cells (Figure 3, H–J, arrow), as well as 
MMP-9–rich puncta that extended beyond the leading edge of 
the cells onto the endogenous basement membrane capsule on 
which the cells will migrate (Figure 3, H–J, arrowhead). This stain-
ing pattern likely reflects MMP-9 in its secreted form and its in-
volvement in clearing the path along the matrix substrate of any 
cellular material that remained after injury. There was a strong co-
localization of MMP-9 with vimentin intermediate filaments of 
these cells (Figure 3, H–J), which extended to the tips of the mes-
enchymal repair cells at the wound edge (arrow), suggesting a 
coordinate role for these molecules. Of interest, inhibiting the 
function of MMP-2 and/or MMP-9 slightly slowed but did not pre-
vent wound closure (Figure 3N), indicating that whereas MMPs 
may facilitate effective wound repair, their function was not es-
sential to promote the movement of the epithelium to repair the 
wound. Nonetheless, these results demonstrated that the mesen-
chymal leader cells involved in wound repair produce proteases 
that are key to their ability to invade when encountering an al-
tered matrix environment.

Vimentin-rich mesenchymal cells of the lens activated to 
direct wound repair have intrinsic invasive potential
As an alternative approach to the 3D Matrigel invasion assay, we 
also used the classical Matrigel-Transwell invasion assay to exam-
ine the invasive potential of cells activated upon lens epithelial 
wounding after mock cataract surgery. For these studies, ex vivo–
wounded mock cataract surgery explants were placed cell side 
down on the Matrigel-coated, cell-permeable membrane of the 
Transwell. SFM was placed in the upper chamber and serum-con-
taining medium in the lower chamber to create a chemoinvasion 
assay (Figure 4A, model). Cells able to invade through the Matrigel 
coating on the Transwell filter gain access to pores through which 
they can migrate to the underside of the filter membrane. After 
3 d, cells were scraped from the top of the filter, and any cells that 
had invaded to the bottom of the Transwell filter were detected by 
labeling with the histological stain Diff Quick and imaged by mi-
croscopy (Figure 4B). This analysis revealed that small groups of 
cells from the wounded explants were competent to invade 
through the Matrigel and the Transwell filter to the underside of 
the membrane, confirming that after a mock cataract surgery, a 
population of cells from the wounded lens had acquired invasive 
potential.
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discovery here that these same mesenchymal cells have significant 
invasive potential suggest that these activated mesenchymal cells 
could also signal the collective invasion of their associated wounded 
epithelium. To examine this question, we immunolabeled cells from 
wounded mock cataract surgery explants that had invaded in the 3D 

Mesenchymal cells that direct epithelial tissue repair also 
can promote invasion of the wounded epithelium
Together our previous findings that vimentin-rich mesenchymal cells 
are activated upon wounding of an epithelium to direct the collec-
tive movement of the injured epithelium to close the wound and our 

FIGURE 3: Mesenchymal leader cells in the 2D ex vivo injury culture model are enriched for molecules involved in 
invasion, CD44, MMP-2, and MMP-9. (A) Model of the different regions of the ex vivo mock cataract surgery explant 
that are separated by microdissection for this study from both top and side views. Cells found in the points of the 
star-shaped culture that contain the region of the lens that is occupied by epithelial cells in vivo are referred to as the 
original attachment zone (OAZ, yellow). In response to injury, cells move onto the denuded basement membrane (BM) 
into the central migration zone (CMZ, purple). (B–D) To examine whether there are migration-specific changes in 
expression of molecules associated with invasion after wounding, ex vivo injury explants were microdissected into OAZ 
and CMZ regions and extracted on days 1–3 for Western blot analysis for CD44, MMP-9, MMP-2, and GAPDH (loading 
control). Graphs depicting Western blot results from four independent studies show the relative expression of CD44, 
MMP-9, and MMP-2 to GAPDH. CD44, MMP-9, and MMP-2 were predominately expressed in the CMZ region. These 
molecules decreased in expression as wound healing progressed on day 2 and on day 3, when wound healing is typically 
completed. MMP-2 and MMP-9 were detected predominantly in their active forms (bottom arrows) compared with their 
inactive proenzymatic form (top arrows). For both MMP-2 and MMP-9, the active form (lower band) was quantified and 
is represented on the graphs as a ratio to GAPDH. Immunoblots were quantified using Kodak 1D software, and data 
were normalized to results at day 1 in the CMZ zone. Values for each graph and relative densities are plotted ±SEM. 
Representative Western blots are shown below each graph. (E–M) Ex vivo–wounded cultures were fixed and 
immunostained for vimentin (F, I, L; green) and colabeled for CD44 (E, G; red), MMP-9 (H, J; red), or MMP-2 (K, M; red). 
Vimentin-rich mesenchymal cells at the leading edge were enriched for MMP-2, MMP-9, and CD44. CD44 localized at 
cell–cell interfaces and to the tips of these cells at the leading edge (E–G, arrow). MMP-9 strongly localized to vimentin-
rich cells, sometimes colocalized with vimentin (H–J, arrow) and also to regions in the area to be repaired just beyond 
the cells (H, J, arrowhead). Bar, 10 μm. (N) The role of MMP-2/9 function on wound healing in the 2D ex vivo injury 
cultures was evaluated using inhibitors to MMP-2, MMP-9, or MMP-2/9. Phase images were taken on days 0–3, from 
which the open wound area was calculated in at least six capsules and quantified using NIS Elements analysis software. 
Open wound area was plotted on the graphs ±SEM. Inhibition of MMP-2 and/or MMP-9 function resulted in only a slight 
delay in wound closure.

FIGURE 4: In response to injury, a subpopulation of cells becomes competent to invade in a classic Matrigel invasion 
assay. (A) Model depicting Matrigel-Transwell invasion assay with ex vivo injury explants. For these studies, explants 
were placed cell side down on Matrigel-coated Transwell filters. The top chamber was filled with SFM medium and the 
lower chamber with complete medium containing fetal bovine serum to create a chemoinvasion assay. Right, a phase 
contrast image of the ex vivo explant placed cell side down on top of the Matrigel filter. (B) After 3 d in culture, the 
explants on top of the filter were removed by scraping, and the cells that had invaded and migrated to the bottom of 
the filters were labeled with the histological stain Diff Quick. Right, invaded cells at higher magnification. Bar, 200 μm.
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Matrigel invasion assay over 6 d with anti-
body to vimentin and colabeled them with 
fluorescent-conjugated phalloidin to detect 
F-actin. Vimentin staining will highlight the 
vimentin-rich mesenchymal repair cells that 
had migrated into the Matrigel matrix, and 
F-actin will label all cells that had invaded 
into Matrigel, including lens epithelial cells. 
Images of cells were collected at many con-
secutive optical planes throughout the 
Matrigel matrix by confocal microscopy and 
3D reconstructions prepared from the col-
lected z-stacks with Imaris software (Figure 
6). These 3D images are presented as both 
top-down (Figure 6A) and side (Figure 6B) 
views. Both vimentin-rich mesenchymal 
cells (vimentin-rich/F-actin+) and epithelial 
cells (vimentin-poor/F-actin+) had invaded 
the Matrigel matrix, led by the mesenchy-
mal cells.

An orthogonal view of the same confocal 
z-stack shows that the vimentin-rich repair 
cells are located at the front of the invading 
cord that is moving upward through the 
Matrigel, followed by a collective group 
of actin-rich, vimentin-poor follower cells 
(Figure 6C). To demonstrate the epithelial 
phenotype of the invading “follower” cells 
being led through the Matrigel by the 
vimentin-rich mesenchymal repair cell pop-
ulation, we colabeled the cells that had 
invaded the Matrigel from the wounded 
explants for vimentin and the tight junction 
molecule ZO-1, which is enriched in epithe-
lial cells. The cords of cells invading the 
Matrigel matrix were led by the vimentin-
rich mesenchymal cells and followed into 
the 3D matrix by a collective group of ZO-1–
rich epithelial cells (Figure 6, D and E). From 

FIGURE 5: CD44/vimentin-rich mesenchymal cells that express markers of invadosomes are 
inherently invasive in Matrigel-Transwell chemoinvasion assays. (A–C) At 2 d in culture, cells that 
have invaded to the bottom of Matrigel-coated Transwell filters were coimmunostained for 
vimentin and CD44. Identification of these invaded cells as mesenchymal was determined by 
their positive labeling for both CD44 (A, C; red) and vimentin (B, C; green). Bar, 20 μM. 
(D–L) Cells that invaded in the Matrigel-Transwell chemoinvasion assays were labeled for 
characteristic invadosome molecules on day 2. Invaded cells were coimmunostained for the 
following combinations: cortactin (D, F; red) with Tks5 (E, F; green); MMP-2 (G, I; red) with 
MMP-9 (H, I; green); or cortactin (J, L; red) with MMP-9 (K, L; green). Invaded cells were rich in 
all invadopodia molecules examined, and regions of colabeling for cortactin and Tks5 
(D–F, arrows), as well as cortactin and MMP-9 (J–L, arrows) were evident where these molecules 
may function in invadosomes for invasive function. Bar = 10 μm (D–I), 5 μm (J–L). (M, N) A 

Matrigel-Transwell chemoinvasion assay at 
24 h in culture labeled for vimentin (green) 
and F-actin (blue) and also imaged by 
differential interference contrast (DIC). (M) A 
single vimentin-rich mesenchymal cell that 
had invaded through Matrigel to the bottom 
of the filter through a pore in the filter (seen 
as a hole in the DIC image; white arrow) is 
imaged en face, represented by the red 
arrow. Bar, 50 μm. (N) The same cell (red 
arrow) as shown in a 3D reconstruction side 
view of confocal Z-stacks collected from the 
explant basement membrane capsule of the 
inverted explant on top of the filter through 
to the cells that had invaded to the bottom 
of the filter. Here the transit of this cell 
through the filter pore (white arrow) is 
evident. Bar, 30 μM. Here A–C and M–N are 
Matrigel-Transwell chemoinvasion assays in 
which the explant on top of the filter was not 
removed before immunostaining. In D–L, the 
explant on top of the filter was removed 
before labeling.
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ZO-1–positive epithelial cell population. We propose that this 3D 
injury/invasion model is a valuable system in which to elucidate 
mechanisms regulating collective invasion in response to injury, such 
as the functional properties of leader cells and the role of hetero-
typical leader–follower cell interactions in this process. To our knowl-
edge, this is the first demonstration that a cell type linked to the 
regulation of wound repair can direct the collective invasion of nor-
mal epithelium when activated in response to injury. Given the simi-
lar properties shared between wound healing and cancer progres-
sion, findings with this model have the potential to positively affect 
our understanding of how mechanisms of wound repair, such as col-
lective invasion, can be hijacked for disease progression.

Heterotypical interactions between leader and follower cells ap-
pear fundamental for the collective invasion of a cohort of cells. Our 
results suggest that a “normal” epithelium, without mutation, can 
acquire invasive ability in response to injury due to the heterotypic 
interactions with mesenchymal leader cells. In this case, leader and 
follower cells can enter into a mutually beneficial relationship, one 
that allows the epithelial cells to retain their epithelial characteristics 
while using the migratory and invasive properties of the leader cells 
to drive the collective invasion of the group of cells. Because normal 
epithelial cells are typically not inherently invasive, we hypothesize 
that the mesenchymal leader cells are generating a path through 
the ECM for the epithelial cells to follow. In support of this hypoth-
esis, a number of studies demonstrate that leader cells can generate 
paths or tracks through both proteolytic and structural (force-medi-
ated) mechanisms to remodel the matrix environment to promote 
collective invasion of follower cells (Friedl and Wolf, 2003; Gaggioli 
et al., 2007; Gaggioli, 2008; Radisky, 2007; Wolf et al., 2007; Olson, 
2010; Scott et al., 2010; Crighton and Olson, 2011). In the present 
study, we found that MMP-2/9 proteolytic function was necessary 
for collective invasion in response to injury. MMP-9 was enriched in 
the leader-cell population at the tips of cords of invading cells and 
found in vesicular-like structures outside the cell borders, where it 
could function to proteolytically degrade and remodel the matrix to 
create a path for collective invasion. Time-lapse imaging revealed 
the dynamic behavior of the cells at the leading edge of the cords, 
showing that they actively extend and retract cellular protrusions. 
This property is likely to reflect dynamic “push” and “pull” forces 
that are present at the leading invasive front of the cord of cells es-
sential to promote the forward movement of the group of cells 
through the 3D ECM. Consistent with this hypothesis, a recent study 
demonstrated that dynamic tensile forces drive the movement of 
cohorts of cells through 3D ECM (Gjorevski et al., 2015). In that 
study, tensile mechanosensitive forces are increased at the invasive 
front, allowing the cells to grip and pull on the matrix for movement 
through the 3D environment (Gjorevski et al., 2015). Instead of ex-
erting continuous tensile force on the microenvironment, the cells 
exhibit periods of extension and retraction (Gjorevski et al., 2015). 
We propose that the leader cells at the tips of the invading cord of 
cells in our injury/invasion model participate in MMP-mediated ma-
trix remodeling and creating dynamic tensile (push and pull) forces 
necessary to create a path for collective invasion.

Vimentin has long been recognized as a major regulator of 
invasion; however, how vimentin functions to mediate this pro-
cess is not yet clear. Increased vimentin expression is often asso-
ciated with cell invasion (Thompson et al., 1992; Schaafsma et al., 
1993; Dushku and Reid, 1994; Gilles et al., 1996), and its loss can 
inhibit invasion in a number of different cancer cell types (Singh 
et al., 2003; Wei et al., 2008). Vimentin was a prominent feature 
of the cells at the leading front of the invading cords in our injury/
invasion model, where they extended vimentin-rich protrusions 

these studies, we conclude that the mesenchymal cells activated to 
modulate the normal repair process of a wounded lens epithelium 
can also signal the collective invasion of normal epithelial cell popu-
lations in response to injury. The 3D invasion ex vivo injury culture 
system is a powerful model in which to investigate heterotypical 
mesenchymal–epithelial cell interactions involved in regulating col-
lective invasion.

Functional properties of wound repair–activated 
cell invasion
Vimentin has been linked to functional roles in cell migration and 
invasion. It is highly expressed in the cells at the leading edge of the 
cords of injured lens tissue that invade through the Matrigel 3D ma-
trix (Figure 7A) and extends into the invadosomes that these cells 
project into the surrounding matrix. Whereas formation of invadopo-
dia is an actin-dependent event, their further growth and elongation 
is dependent on intermediate filament networks (Schoumacher 
et al., 2010). Also typical of invadopodia structures, the processes 
extended by the vimentin-rich mesenchymal cells also label strongly 
for cortactin (Figure 7, B and C) and alpha–smooth muscle actin 
(αSMA; Figure 7, E and G). αSMA localized primarily in puncta that 
extended into the tips of the invading cells (Figure 7, E–G). Little F-
actin was detected in regions enriched for αSMA puncta (Figure 7, E 
and G; arrowhead), suggesting that αSMA is organized in a globular 
form that may exert specific mechanical forces in regulating the inva-
sion of these cells. Invadopodia function in degrading/remodeling 
the matrix environment to enable the cells to invade. Consistent with 
this finding, the vimentin-rich mesenchymal cells leading the cords 
of injured lens cells through the 3D Matrigel matrix express high 
levels of MMP-9, which appears to be secreted in vesicular structures 
that often extend just beyond the tips of these leading edge cells 
into the surrounding matrix environment (Figure 7D). To investigate 
the function of MMP-2, MMP-9, and vimentin in invasion of wound-
activated cells, we performed the Matrigel-Transwell invasion assay 
in the presence of inhibitors of each of these molecules. Invasion was 
suppressed in the Matrigel-Transwell assay by functionally inhibiting 
vimentin, MMP-2, MMP-9, or a combination of MMP-2 and MMP-9 
(Figure 7H). The MMP2/9 inhibitor II reduced invasion by 84% (Figure 
7H), the MMP-2 inhibitor II by 99%, and the MMP-9 inhibitor I by 
96%. Vimentin function was inhibited with withaferin A (WFA), which 
blocked invasion by 98% (Figure 7H). Whereas WFA can have some 
off-target affects, previous studies by our lab and others show that its 
effects on cell migration properties match that of vimentin knock-
downs (Menko et al., 2014). These studies suggest essential roles for 
both matrix metalloproteinases and the intermediate filament pro-
tein vimentin in promoting cell invasion in response to injury.

DISCUSSION
Understanding the mechanisms that induce groups of cells to be-
come migratory and collectively invade their surrounding microen-
vironment remains an ongoing challenge. An essential step toward 
elucidating the mechanisms that drive collective invasion is identify-
ing the origin and function of the cells that act as the directors/lead-
ers of this process. Our results revealed that the vimentin-rich mes-
enchymal cells activated upon wounding of epithelial tissues to 
direct the repair process have invasive potential and the ability to 
direct a normal wounded epithelium through a 3D matrix environ-
ment. We investigated the invasive behavior of such cells in re-
sponse to injury by placing tissue explants from a physiologically 
relevant ex vivo wound-repair model in a 3D matrix environment. 
Vimentin-rich mesenchymal cells were observed at the leading tips 
of invading cords of cells, followed through the 3D matrix by a 
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FIGURE 6: Vimentin-rich mesenchymal cells are the leader cells in collective invasion of the wounded lens epithelium 
through 3D Matrigel. (A–E) The 3D Matrigel invasion assay of ex vivo–wounded explants at day 6 in culture. (A, B) Imaris 
3D reconstruction from confocal Z-stacks of cords of cells that have invaded into the Matrigel matrix labeled for 
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MATERIALS AND METHODS
Ex vivo epithelial injury model preparation and imaging
To prepare ex vivo epithelial injury explants, lenses were removed 
from embryonic day 15 (E15) chicken (B&E Eggs) eyes by dissection 
(Walker et al., 2007, 2010) and prepared as described (Walker et al., 
2015). An incision was made in the anterior lens capsule, the thick 
basement membrane that surrounds the lens. Lens fiber cell mass 
was removed by hydroelution (Walker et al., 2007, 2010, 2015). Five 
cuts were made in the anterior region of this tissue, creating addi-
tional wound edges that allowed the explants to be flattened and 
pinned to the culture dish cell side up (Figure 1A). Cells in the 3D 
invasion and 2D wound-healing models were followed by micro-
scopic imaging using Nikon Eclipse Ti-S (Nikon, Tokyo, Japan) or 
AZ100 (Nikon) microscopes and imaging software (NIS Elements; 
Nikon). To follow the behavior of invading cells in three dimensions 
and wound healing in two dimensions, time-lapse imaging was per-
formed using a Tokai Hit stage-top incubator on a Nikon Eclipse 
TE2000-U microscope or Nikon Eclipse Ti microscope driven by im-
age analysis software (NIS Elements). The ex vivo epithelial explants 
were cultured in Media 199 (Invitrogen, Carlsbad, CA) containing 
1% penicillin/streptomycin (Mediatech-Cellgro, Manassas, VA) and 
1% l-glutamine (Mediatech-Cellgro) with or without 10% fetal calf 
serum (Invitrogen, Carlsbad, CA) as specified. To inhibit MMP-2 
and/or MMP-9 function, ex vivo explants were grown in the pres-
ence of inhibitors to MMP-2 (20 μM; Millipore, Billerica, MA), MMP-9 
(20 μM; Millipore), or MMP-2/9 (25 μM; Millipore). To perturb vimen-
tin function, ex vivo explants were grown in the presence of WFA 
(1.5 μM; Tocris, Ellisville, MO). Inhibitors were dissolved in dimethyl 
sulfoxide and added to the culture medium. In all inhibitor experi-
ments, control cultures were incubated in the presence of vehicle. 
Fresh inhibitor was added each day.

Western blot analysis
Samples were extracted and lysed in TX/OG buffer (44.4 mM n-octyl 
β-d-glucopyranoside, 1% Triton X-100, 100 mM NaCl, 1 mM MgCl2, 
5 mM EDTA, 10 mM imidazole) containing 1 mM sodium vanadate, 
0.2 mM H2O2, and a protease inhibitor cocktail (Sigma-Aldrich, St. 
Louis, MO). Protein concentrations were determined with the bicin-
choninic acid assay (Pierce, Rockford, IL). Proteins were separated 
on Tris-glycine gels (Novex, San Diego, CA), electrophoretically 
transferred to membrane (Immobilon-P; Millipore, Billerica, MA), 
and immunoblotted as described previously (Walker and Menko, 
1999). For detection, ECL reagent (Amersham Life Sciences, Arling-
ton Heights, IL) was used. Immunoblots were scanned, and densi-
tometry analysis was performed (1D software; Eastman Kodak, 
Rochester, NY). The ratio of each protein to glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was calculated for each sample and 
normalized to the ratio at day 1 in the CMZ and graphed ±SEM. 
Gels for CD44 analysis were run under nonreducing conditions; gels 

into the Matrigel. We found that treatment with WFA, which in-
hibits vimentin function, prevented collective invasion of the 
wounded epithelium, suggesting a key role for vimentin in regu-
lating collective invasion in response to injury. We propose that 
vimentin intermediate filaments are necessary for the cells at the 
tips of invading cords to extend and stabilize protrusions for inva-
sion into the 3D matrix environment. In support of this hypothe-
sis, vimentin intermediate filaments are reported to regulate the 
elongation and stabilization of invadopodia (Schoumacher et al., 
2010; Sutoh Yoneyama et al., 2014), which our studies show are a 
prominent feature of the invading mesenchymal leader cells. Be-
cause vimentin intermediate filaments (IFs) are well known for 
their tensile strength, this cytoskeletal element is a likely candi-
date for participating in the dynamic force generation (push and 
pull forces) at the tips of the cords of cells that is needed to drive 
invasion. Changes in vimentin organization between assembly 
into an IF network and disassembly could regulate the dynamic 
extension and retraction behavior that we observe at the front 
edge of invasion in our injury invasion assay. Phosphorylation is 
one major mechanism by which vimentin organization could be 
dynamically regulated at the tips of the invading cells (Izawa and 
Inagaki, 2006; Ivaska et al., 2007; Sihag et al., 2007; Snider and 
Omary, 2014). Protrusion formation and force generation at the 
tips of invading cells likely involve the coordinated action of both 
the actin and vimentin intermediate filament cytoskeleton. We 
found that the tips of the invading vimentin-rich cells were en-
riched for the invadopodia molecules cortactin and Tks5 and the 
contractile actin protein αSMA. Strikingly, αSMA was primarily 
detected in puncta in regions with low-level staining for F-actin. 
This result suggests that αSMA is present in a globular form in 
regions at the tips of invading cords that are also rich in vimentin. 
Given that αSMA organized into stress fibers is associated with 
contractile function, different assembly states of αSMA may im-
part distinct functional properties. We propose that αSMA in a 
punctate distribution may contribute to mechanical forces at the 
invading edge. Together vimentin and αSMA may coordinate 
mechanical forces at the tips of invading cords involved in regu-
lating the dynamic pushing and pulling forces for collective 
invasion.

Study of the invasive function of vimentin-rich leader cells, a cell 
type that functions to regulate injury repair, and their ability to direct 
the wounded epithelium through the 3D matrix may provide insight 
into the mechanisms of wound repair that are associated with can-
cer cell progression. The 3D injury invasion model provides a valu-
able system in which to investigate the process of collective invasion 
involving heterotypical leader–follower cell function. This model can 
be used to identify therapeutic targets and test strategies to modu-
late the collective invasion process with application to treating and 
preventing disease progression.

vimentin (red) and F-actin (blue), viewed from (A) top down and (B) the side. Vimentin-rich cells are directing the invasion 
of the cords of F-actin–rich cells upward through the Matrigel, as evidenced by their location to the leading edges of 
the cords. Bar, 30 μm. (C) An orthogonal cut of the same confocal Z-stack of invading cords of cells shown as a 3D 
reconstruction in A and B demonstrates from another angle that the vimentin-rich mesenchymal cells (red) had invaded 
into the Matrigel in the leader position as directors of associated wounded epithelial cells (blue). Bar, 10 μm. 
(D, E) Invading cords of cells in the 3D Matrigel invasion assay immunolabeled for vimentin (red) and the epithelial cell–
cell adhesion protein ZO-1 (green) and imaged by confocal microscopy. The image in D is a projection of a Z-stack and 
illustrates that the vimentin-rich cells are located at the leader position of invading cords of ZO-1–rich epithelial cells. 
Bar, 5 μm. One area of the cords shown in D is viewed in E as a 3D reconstruction, viewed from the side, which 
emphasizes the leader position of the vimentin-rich mesenchymal cells (red) relative to a follower cord of epithelial cells 
(ZO-1; green). Bar, 30 μm.
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FIGURE 7: Functional properties of invading cells in response to injury. (A–G) The 3D Matrigel invasion assay of ex 
vivo–wounded explants at (A–D) day 6 in culture and (E–G) day 2 in culture. (A) A 3D reconstruction of a confocal 
Z-stack of cords of cells in the injury invasion assay labeled for vimentin (green) and F-actin (red), emphasizing the 
extension of vimentin-rich cells into the Matrigel matrix in leader-cell positions. Bar, 30 μm. (B, C) Cords of invading cells 
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with fresh inhibitor added each day. To calculate the number of cells 
that invaded in the Transwell assay, the underside (invaded side) of 
the filters was stained with 4′,6-diamidino-2-phenylindole (Invitro-
gen, Grand Island, NY) and total nuclei counted in a region corre-
sponding to the area where the explant had been placed in the top 
chamber. The average number of cells treated with vehicle or inhibi-
tor for each experiment was calculated and normalized to vehicle 
control. The average normalized values are represented graphically. 
For 3D Matrigel invasion assays, ex vivo–wounded explants were 
placed cell side up in Matrigel Transwells and overlayed with 3 mg/
ml Matrigel (BD Biosciences and Corning). For these studies, serum-
containing medium was placed in the upper chamber and SFM in 
the lower chamber. Cultures were imaged live by phase and time-
lapse microscopy or fixed and immunostained for proteins of 
interest.

for MMP-9 and MMP-2 analysis were run under reducing conditions. 
Antibodies used for Western blotting included CD44 (monoclonal 
antibody [mAb]; Developmental Studies Hybridoma Bank, Iowa 
City, IA), MMP-9 (polyclonal; Millipore), MMP-2 (monoclonal; Milli-
pore), and GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA).

Immunofluorescence
Wounded explants were immunostained as described previously 
(Walker et al., 2007, 2010). Explants were fixed in 3.7% formalde-
hyde in phosphate-buffered saline (PBS) and permeabilized in 
0.25% Triton X-100 (Sigma-Aldrich) in PBS before immunostaining. 
For 3D invasion studies, explants were fixed in 4% paraformalde-
hyde in PBS and permeabilized in 0.5% Triton X-100. Cells were in-
cubated with primary antiserum, followed by rhodamine- or Alexa 
Fluor 488–conjugated secondary antibodies (Jackson Immuno-
Research Laboratories, West Grove, PA). Primary antibodies used 
for the immunofluorescence studies included vimentin (mAb; Devel-
opmental Studies Hybridoma Bank), MMP-9 (polyclonal; Millipore), 
MMP-2 (mAb; Millipore), cortactin (Millipore), Tks5 (polyclonal; 
Millipore) and, αSMA (Sigma-Aldrich). The vimentin polyclonal 
antibody was a generous gift from Paul FitzGerald (University of 
California, Davis, Davis, CA) Some explants were counterstained 
with Alexa Fluor 488– or 633–conjugated phalloidin (Invitrogen-
Mole cular Probes, Carlsbad, CA), which binds F-actin. Immunos-
tained samples were examined by confocal microscopy (LSM 510; 
Zeiss, Thornwood, NY). Either single images or Z-stacks were col-
lected and analyzed. Data are presented as single optical planes, 
projection images, or orthogonal sections imaged from the apical to 
basal direction. The 3D images of confocal Z-stacks were created 
with Imaris software (BitPlane, Concord, MA).

Invasion assays
To assay invasion, explants resulting from a mock cataract surgery 
were placed in either a Matrigel-Transwell invasion assay or a 3D 
Matrigel invasion assay. For the Matrigel-Transwell assays, ex vivo–
wounded explants were placed cell side down onto the Matrigel-
coated membrane (BD Biosciences, San Jose, CA; and Corning, 
Corning, NY). For this assay, SFM was placed in the upper chamber 
and serum-containing medium in the lower chamber to create a 
chemoinvasion assay. The underside of the membrane containing 
invaded cells was either stained for histological analysis with Diff 
quick (IMEB, San Marcos, CA) or analyzed by immunofluorescence 
staining. For inhibitor studies, ex vivo explants were preincubated 
with inhibitor before placement in the Matrigel-Transwell assays, 

in the Matrigel invasion assay were immunolabeled for cortactin (red) and vimentin (green) and viewed by confocal 
microscopy. This projection image of a confocal Z-stack shows that the processes extended by the vimentin-rich 
mesenchymal cells into the Matrigel also expressed cortactin (red). Bar, 5 μm. (D) Labeling for MMP-9 (green) in cells at 
the leading edges of the cords extended into Matrigel and was distributed in discrete vesicular structures in the cells 
(F-actin; red) and also in a punctate pattern just beyond the cells in the Matrigel matrix, where it can act to degrade the 
matrix for invasion. A representative single optical plane captured by confocal microscopy. Bar, 10 μm. (E–G) Vimentin-
rich cells at the invading front (green) also express αSMA (red), often with a punctate distribution (arrowhead). Labeling 
for F-actin (purple) was mostly absent from the areas with a strong distribution of αSMA puncta, suggesting that this 
actin population was nonfilamentous. A representative single optical plane captured by confocal microscopy. Bar, 10 μm. 
(H) The individual roles of MMP-2/9 and vimentin in invasion after wounding were evaluated using an inhibitor approach 
in the Matrigel-Transwell chemoinvasion assay. This study included the MMP-2 inhibitor MMP-2i, the MMP-9 inhibitor 
MMP-9i, the combined MMP-2/9 inhibitor MMP-2/9i, and the vimentin inhibitor WFA. Invaded cells from at least 
10 capsules were counted and quantified using MetaMorph or NIS Elements image analysis software. Relative numbers 
of invaded cells were plotted on graphs ±SEM. MMP-2 and MMP-9 function were required for invasion of cells in the 
Matrigel-Transwell assay. MMP-2 inhibited invasion by 99%, MMP-9 by 96%, and MMP2/9 by 84% in the Matrigel-
Transwell assays. Inhibiting vimentin function with WFA suppressed invasion in the Matrigel-Transwell assay by 98%.
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